ence o f a t t e n u a t i o n was analyzed on t h e b a s i s o f t h e BCS theory, and t h e energy gap a n i s o t r o p y i n t h e e l e c t r o n i c k -d i r e c t i o n was f i n a l l y determined.

The gap was l a r g e s t f o r t h e [ l o o ] ; s m a l l e r f o r t h e [110]; and s m a l l e s t f o r t h e [Ill] d i r e c t i o n s , being i n good agreement w i t h t h e o r e t i c a l p r e d i c t i o n .
I -INTRODUCTION -
The energy gap o f t h e e l e c t r o n s t a t e i s a fundamental q u a n t
i t y t o c h a r a c t e r i z e s u p e r c o n d u c t i v i t y . Since t h e BCS t h e o r y appeared /I/, values o f t h e energy gap i n v a t i o u s superconductors have been determined by u s i n g a v a r i e t y o f experimental methods. It i s p l a u s i b l e t h a t t h e energy gap i n a r e a l c r y s t a l l i n e superconductor i s a n i s o t r o p i c because o f t h e a n i s o t r o p i e s o f t h e e l e c t r o n and phonon s t a t e s .
Some experimental r e s u l t s have suggested t h e e x i s t e n c e o f gap a n i s o t r o p y b u t n o t conclus i v e l y . The purpose o f t h e p r e s e n t study i s t o determine t h e gap a n i s o t r o p y i n very pure aluminum s i n g l e c r y s t a l s by u s i n g an u l t r a s o n i c a t t e n u a t i o n method. Aluminum i s one o f t h e i d e a l m a t e r i a l s f o r such an experimental study, because t h e s t a t e s o f e l e c t r o n s and phonons a r e w e l l known and several t h e o r e t i c a l c a l c u l a t i o n s o f t h e energy gap have been made /2, 3, 4/, which can be compared w i t h t h e experiments. A p r e l i m i n a r y r e p o r t o f o u r study has a l r e a d y been p u b l i s h e d elswhere /5/, and t h i s a r t i c l e i n c l u d e s f u r t h e r development o f t h e i n v e s t i g a t i o n .
I 1 -EXPERIMENTAL METHOD Specimens used were zone-refined 99.9999 % A1 s i n g l e c r y s t a l s , which were v e r y pure and a l s o p e r f e c t . The e l e c t r i c a l r e s i s t i v i t y r a t i o R(300 K)/R(4.2 K) was over 20000, and t h e e l e c t r o n mean f r e e p a t h 1, estimated b y e l e c t r i c a l r e s i s t i v i t y measurements was about 1 mm. Three specimens o f c y l i n d r i c a l shape w i t h a x i a l o r i e n t a t i o n s [IOOJ, [ I I O ] , and [Ill] were prepared. B o t h end faces o f each specimen were f i n i s h e d t o be f l a t and p a r a l l e l b e t t e r t h a n 2 pm/cm. An X-cut q u a r t z transducer was bonded on one o f t h e faces f o r g e n e r a t i n g and d e t e c t i n g ultrasound, and Nonaq stopcock grease was used f o r t h e bonding a f t e r b e i n g dehydrated. The a t t e n u a t i o n o f 10 MHz l o n g i t u d i n a l waves was measured by a p u l s e r e f l e c t i o n method i n t h e temperature range 0.4 -1.2 K (T, = 1 . I 8 K), and t h e Matec apparatus were used f o r t h e measurements. A 3He pumping c r y o s t a t was used f o r t h e experiment, and t h e temperature was measured by a carbon thermometer, which was c a l i b r a t e d i n each experimental r u n by an o i l manometer and by a mercury manometer. Since t h e specimens were very s o f t , a t h i n copper f o i l was used f o r the thermal contact between the specimen and a sample holder t o avoid t h e thermal stress i n the specimen. I t was noted t h a t , when t h e acoustic i n p u t power was i ncreased too much, an extraa t t e n u a t i o n possibly due t o the hysteresis l o s s o r i g i n a t e d from depinning o f d i s l o c a t i o n s appeared, as shown i n Fig. 1 . The a t t e n u a t i o n was, however, cons t a n t a t low input-power l e v e l .
To avoid such an e f f e c t , attenuation was u s u a l l y measured a t the power l e v e l shown by the arrow i n the f i g u r e .
I 1 1 -RESULTS AND ANALYSES Examples o f the temperature dependence OF t h e u l t r a s o n i c attenuation i n d i f f e r e n t propagation d i r e c t i o n s are shown i n Fig. 2. The sound attenuation i n the superconducting s t a t e i s due t o the electrons which have been thermally e x i t e d through t h e energy gap, and the r a t i o o f the attenuation i n the superconducting s t a t e as and t h a t i n the normal s t a t e an i s expressed by t h e BCS theory / I / as
Here, A(T) i s t h e temperature dependent energy gap. I n analyzing the experimental data, we use the convenient approximate formula f o r A(T) given by Clem 161:
where t = TIT,, and A , i s t h e energy gap a t T = 0 K. The accuracy o f the formula i s b e t t e r than 0.5 % f o r t > 0.3, being accurate enough t o be used i n the present analysis. 
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The value o f ab can be regarded as a constant i n t h e present 2s temperature range. The normals t a t e attenuation an depends on the e l e c t r o n mean f r e e path, and i s a l s o considered t o be constant since the mean f r e e path i s solel y determined by t h e i m p u r i t y s c a t t e r i n g i n t h e present temperature range. Therefore, eq. (1) can be r e w r i t t e n as ( t > 0.9) were omitted, where t h e \ accuracy o f measurements was n o t % 1 enough due t o t h e l a r g e attenua--t i o n ; and an u n d e s i r a b l e t r a n s - I n t h e above a n a l y s i s , we d e t e r -
T(l0
0 -mined energy gap f o r a d e f i n i t e sound propagation d i r e c t i o n A?.
C1111
However, t h e energy ap i n t h e T c = 1 . 1 7 6 K 2 I e l e c t r o n i c k-space A, i s r e a l l y 0.8 -
0-
o f p h y s i c a l importgnce, and t h e r e l a t i o n between A, and A: must -6cs
be considered. The p r e s e n t specimens a r e very pure, and t h e g 0. 6 -e l e c t r o n mean f r e e p a t h i s about 
( q i s t h e wave number o f t h e sound) i s s a t i s f i e d even f o r t h e 10 MHz sound. I n such a case, t h e a t t e n u a t i o n o f sound can be
-t r e a t e d as a problem o f s c a t t e ri n g o f e l e c t r o n s by a c o u s t i c phonons, and t h e f o l l o w i n g momen-
tum conservation r e l a t i o n holds:
0.6 0.8
F i g . 4 -An example o f t h e data where i s t h e wave v~c t o r gf an f i t t i n g t o t h e BCS theory. a c o u s t i c phonon, and k and k ' a r e those o f e l e c t r o n s b e f o r e and a f t e r t h e s c a t t e r i n g + i n t e r $ c t i o n .
TQe e l e c t r o n s concerned a r e near t h e Fermi surface, and t h e r e l a t i o n s 1 k l % I k ' 1 >> l q l a r e s a t i s f i e d . +Therefore, i t t u r n s o u t t h a t t h e i n t~r a c t i o n occurs o n l y f o r e l e c t r o n s w i t h t h e k-vector n e a r l y p e r p e n d i c u l a r t o t h e q-vector. Thus, t h e r e l at i o n between A! and A? i s A%lmnI = <~5 ( e , $ ) >~~~, , ] , (5) where [Imnl i s t h e sound propagation d i r e c t i o n , and 0 and I $ a r e t h e s p h e r i c a l angles o f t h e k-vector. The energy gap A$(B,@) can be approximated by a combination o f t h e f i r s t t h r e e terms o f t h e c u b i c harmonics K i /7/, where c o y c4, and c6 a r e constants. By combining eq. (5) and eq. (6) and by u s i n g experimental values o f A? f o r t h r e e sound propagation d i r e c t i o n s , t h r e e c o n s t a n t s + c~, c?, and c6 can be determined. A f t e r t h a t , t h e energy gap A~( B , $ J ) f o r any o f t h e k d i r e c t i o n o f t h e e l e c t r o n can be c a l c u l a t e d from eq. ( Table I .
The megahertz u l t r a s o n i c a t t e n u a t i o n measurements i n superconducting aluminum were made by several i n v e s t i g a t o r s , b u t t h e a n i s o t r o p y o f t h e energy gap was n o t d e f i n i t el y found. The specimen c r y s t a l s used i n p r e v i o u s measurements were probably impure compared w i t h ours, and t h e a n i s o t r o p y m i g h t be smeared o u t by t h e i m p u r i t y s c a t t e ring. The method t o determine d i r e c t l y t h e energy gap i n e l e c t r o n i c k-space i s poss i b l y t h e tunnel i n g experiment, We1 l s , Jackson and M i t c h e l l (WJM) measured t h e energy gap i n aluminum by u s i n g a j u n c t i o n o f s i n g l e c r y s t a l t h i n f i l m + p o l y c r y st a l l i n e t h i n f i l m /8/, w h i l e B l a c k f o r d (B) adopted b u l k s i n g l e c r y s t a l + p o l y c r y st a l l i n e t h i n f i l m j u n c t i o n /9/.
T h e i r experimental r e s u l t s a r e shown i n Table I . The problem o f t u n n e l i n g experiment i s t h a t t h i n f i l m specimens a r e used i n t h e measurement, and e f f e c t s o f r e s i d u a l stresses and i m p u r i t i e s can be included. The t h e o r e t i c a l c a l c u l a t i o n s o f t h e gap a n i s o t r o p y i n aluminum have been made by C a r b o t t e ' s group. They d e r i v e d~a weak-coupling expression o f t h e E l i a s h b e r g equat i o n and c a l c u l a t e d t h e energy gap numerically. Dynes and Carbotte (DC) f i r s t l y c a l c u l a t e d t h e gap a n i s o t r o p y /2/, and Leavens and Carbotte (LC) improved t h e c a lc u l a t i o n by u s i n g t h e neutron data f o r t h e phonon spectrum /3/.
Leung, C a r b o t t e and Leavens (LCL) f u r t h e r developed t h e c a l c u l a t i o n by adopting t h e four-OPW approximat i o n f o r t h e e l e c t r o n s t a t e /4/.
Values obtained by these c a l c u l a t i o n s are summar i z e d i n Table I 
. These r e s u l t s show t h a t t h e gap i s l a r g e s t f o r t h e [ I 0 0 1 d i r e ct i o n , somewhat s m a l l e r f o r t h e [I101 d i r e c t i o n , and s m a l l e s t f o r t h e [Ill] d i r e c t i o n .
The t r e n d i s i n good agreement w i t h o u r experimental r e s u l t s . We a r e now c a r r y i n g experiments t o study t h e e f f e c t o f l a t t i c e defects, e s p e c i a l l y c r y s t a l d i s l o c a t i o n s , on t h e energy gap, and a p a r t o f t h e r e s u l t s a r e presented a t t h i s conference /lo/. 
